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Abstract. We study electromagnetic streaming instabilities in thermal viscous regions of
rotating astrophysical objects, such as, protostellar and protoplanetary magnetized accretion
disks, molecular clouds, their cores, and elephant trunks. The obtained results can also be
applied to any regions of interstellar medium, where different equilibrium velocities between
charged species can arise. We consider a weakly and highly ionized three-component plasma
consisting of neutrals and magnetized electrons and ions. The vertical perturbations along
the background magnetic field are investigated. The effect of perturbation of collisional
frequencies due to density perturbations of species is taken into account. The growth rates
of perturbations are found in a wide region of wave number spectrum for media, where the
thermal pressure is larger than the magnetic pressure. It is shown that in cases of strong
collisional coupling of neutrals with ions the contribution of the viscosity is negligible.
Subject headings: accretion, accretion disks-instabilities-magnetic fields-plasmas-waves
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1. Introduction
In a series of papers, Nekrasov (2007, 2008 a,b, and 2009 a,b), a general theory for
electromagnetic compressible streaming instabilities in multicomponent rotating magnetized
objects, such as, accretion disks and molecular clouds has been developed. In equilibrium
of accretion disks, different background velocities of different species (electrons, ions, dust
grains, and neutrals) have been found from the momentum equations with taking into ac-
count anisotropic thermal pressure and collisions of charged species with neutrals. Due to
velocity differences, compressible streaming instabilities have been shown to arise having
growth rates much larger than the rotation frequencies. New fast instabilities found in these
papers have been suggested to be a source of turbulence in accretion disks and molecular
clouds.
In papers cited above, the viscosity has not been considered. However, numerical sim-
ulations of the magnetorotational instability show that this effect can influence on the mag-
nitude of the saturated amplitudes of perturbations and, correspondingly, on the turbulent
transport of the angular momentum (e.g., Pessah & Chan 2008; Masada & Sano 2008). The
viscosity has numerically been shown (Yatou & Toh 2009) can play a crucial role in the per-
sistence of the long-lived localized clouds observed in interstellar media (Braun & Kanekar
2005; Stanimirovic´ & Heiles 2005). Interstellar media, molecular clouds, protostellar and
protoplanetary accretion disks are weakly ionized objects, where collisional effects play a
dominate role. The ratio of the viscosity to the resistivity (the magnetic Prandtl number)
for astrophysical objects takes a wide range of values. In particular, in accretion disks around
compact X-ray sources and active galactic nuclei, the magnetic Prandtl number varies by
several orders of magnitude across the entire disk (Balbus & Henry 2008). Therefore, the
viscosity is needed to be considered at studying electromagnetic streaming instabilities in
multicomponent weakly ionized media.
In the present paper, we explore electromagnetic streaming instabilities in rotating astro-
physical objects, such as protostellar and protoplanetary magnetized accretion disks, molec-
ular clouds, their cores, elephant trunks, and so on, taking into account effects of collisions,
thermal pressure and viscosity. We consider a weakly and highly ionized three-component
plasma consisting of electrons, ions, and neutrals. The charged species are supposed to be
magnetized, i.e., their cyclotron frequencies are considered to be much larger than their or-
biting frequencies and collisional frequencies with neutrals. We will investigate the vertical
perturbations along the background magnetic field. The presence of static (in perturbations)
dust grains can be invoked through the quasineutrality condition. We take into account the
effect of perturbation of collisional frequencies due to density perturbations of species, which
takes place at different background velocities of species. We find expressions for the per-
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turbed velocity of any species that also contain the perturbed velocity of other species due
to collisions. For magnetized charged species, we derive the dispersion relation, which is
solved in the thermal regime when the pressure force dominates the inertia. The conditions
of strong or weak collisional coupling of neutrals with charged species and the role of the vis-
cosity will be considered. The growth rates due to different azimuthal velocities of electrons
and ions will be found.
The paper is organized as follows. In Section 2 the basic equations are given. In
Section 3 we shortly discuss the equilibrium state. Solutions for the perturbed velocities of
species for the vertical perturbations are obtained in Section 4. The dispersion relation in
the general form is derived in Section 5. In Section 6 this dispersion relation is solved in
the thermal regime in the specific cases and unstable solutions are found. In Section 7 we
give an expression needed for determining of polarization of perturbations. Some problems
concerning the contribution of the resistivity in the standard MHD are discussed in Section 8.
Discussion of the obtained results and their applicability to protostellar and protoplanetary
disks are given in Section 9. The main points of the paper are summarized in Section 10.
2. Basic equations
We will consider weakly ionized rotating objects consisting of electrons, ions, and neu-
trals. Here, we do not treat the presence of dust grains. However, the latter may be involved
as static (in perturbations) species through the condition of quasineutrality. The electrons
and ions are supposed to be magnetized, i.e., their cyclotron frequencies are larger than
their collisional frequencies with neutrals. Self-gravity is not included. We will study one-
dimensional perturbations along the background magnetic field B0. Then the momentum
equations for species in the inertial (nonrotating) reference frame accounting for the viscosity
(Braginskii 1965) take the form,
∂vj
∂t
+ vj · ∇vj = −∇U − ∇Pj
mjnj
+
qj
mj
E+
qj
mjc
vj ×B−νjn (vj − vn) (1)
+
µj
ωcjτjn
∂2vj × b
∂z2
+
6
5
µj
ω2cjτ
2
jn
∂2vj⊥
∂z2
+
4
3
µj
∂2vjz
∂z2
,
∂vn
∂t
+ vn · ∇vn = −∇U − ∇Pn
mnnn
−
∑
j
νnj (vn − vj) + µn
(
∂2vn
∂z2
+
1
3
∂2vnz
∂z2
)
, (2)
where the index j = e, i denotes the electrons and ions, respectively, and the index n denotes
the neutrals. In Equations (1) and (2) qj and mj,n are the charge and mass of species j
and neutrals, vj,n is the hydrodynamic velocity, nj,n is the number density, Pj,n = nj,nTj,n
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is the thermal pressure, Tj,n is the temperature, νjn = γjnmnnn (νnj = γjnmjnj) is the
collisional frequency of species j (neutrals) with neutrals (species j). The indices ⊥ and z
denote directions across and along the magnetic field, respectively. The value γjn is γjn =<
σv >jn /(mj+mn), where < σv >jnis the rate coefficient for momentum transfer, and µj,n =
v2Tj,n/νjn,nn are the coefficients of the kinematic viscosity (νnn is the neutral-neutral collisional
frequency), where vTj,n = (Tj,n/mj,n)
1/2 is the thermal velocity. Further, ωcj = qjB0/mjc is
the cyclotron frequency and τjn = ν
−1
jn . Other notations are the following: U = −GM/R
is the gravitational potential of the central object having mass M (when it presents), G is
the gravitational constant, R = (r2 + z2)1/2, E and B are the electric and magnetic fields,
b = B/B, and c is the speed of light in vacuum. The magnetic field B includes the external
magnetic field B0ext of the central object and/or interstellar medium, the magnetic field
B0cur of the stationary current in a steady state, and the perturbed magnetic field. We
use the cylindrical coordinate system (r, θ, z), where r is the distance from the symmetry
axis z, and θ is the azimuthal direction. We assume that the background magnetic field is
directed along the z axis, B0 = B0zext +B0zcur. In Equation (1), the condition ωcj ≫ νjn is
satisfied for the viscous terms. For unmagnetized charged particles of species j, ωcj ≪ νjn,
the viscosity coefficient has the same form as that for neutrals. We adopt the adiabatic
model for the temperature evolution when Pj,n ∼ nγaj,n, where γa is the adiabatic constant.
The other basic equations are the continuity equation,
∂nj,n
∂t
+∇·nj,nvj,n = 0, (3)
Faraday’s law,
∇× E = −1
c
∂B
∂t
, (4)
and Ampere’s law,
∇×B =4pi
c
j, (5)
where j =
∑
j qjnjvj . We consider the wave processes with typical time scales much larger
than the time the light spends to cover the wavelength of perturbations. In this case, one
can neglect the displacement current in Equation (5) that results in quasineutrality both for
the electromagnetic and purely electrostatic perturbations.
3. Equilibrium
We suppose that electrons, ions, and neutrals rotate in the azimuthal direction of the
astrophysical object (accretion disk, molecular cloud, its cores, elephant trunk, and so on)
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with different, in general, velocities vj,n0. The stationary dynamics of light charged species,
electrons and ions, is undergone by the effect of the background magnetic field and collisions
with neutrals. In their turn, the neutrals also experience the collisional coupling with charged
species influencing on their equilibrium velocity. Some specific cases of equilibrium have
been investigated in papers by Nekrasov (2007, 2008 a,b, 2009 b), where the expressions for
stationary velocities of species in the gravitational field of the central mass have been found
at the absence of collisions as well as with taking into account collisions for cases of weak
and strong collisional coupling of neutrals with ions.
Due to different stationary velocities of charged species, the electric currents are gener-
ated in the equilibrium state.
4. Linear regime
In the present paper, we do not treat perturbations connected with the background
pressure gradients. Thus, we exclude the drift and internal gravity waves from our consid-
eration. We take into account the induced reaction of neutrals on the perturbed motion
of charged species. The neutrals can be involved in electromagnetic perturbations, if the
ionization degree of medium is sufficiently high. We also include the effect of perturbation of
the collisional frequencies due to density perturbations of charged species and neutrals. This
effect emerges when there are different background velocities of species. Then the momentum
equations (1) and (2) in the linear approximation take the form,
∂vj1
∂t
= −c2sj
∇nj1
nj0
+
qj
mj
E1+
qj
mjc
vj0 ×B1+ qj
mjc
vj1×B0−ν0jn (vj1 − vn1) (6)
−nn1
nn0
ν0∗jn (vj0 − vn0) +
µj
ωcjτjn
∂2vj1 × b0
∂z2
+
6
5
µj
ω2cjτ
2
jn
∂2vj⊥1
∂z2
+
4
3
µj
∂2vjz1
∂z2
,
∂vn1
∂t
= −c2sn
∇nn1
nn0
−
∑
j
ν0nj (vn1 − vj1)−
∑
j
nj1
nj0
ν0∗nj (vn0 − vj0) (7)
+µn
(
∂2vn1
∂z2
+
1
3
∂2vnz1
∂z2
)
,
where csj,n = (γaTj,n0/mj,n)
1/2 is the sound velocity (γa = 3 in the one-dimensional case),
ν0jn = γjnmnnn0, ν
0
nj = γjnmjnj0. The terms proportional to ν
0∗
jn and ν
0∗
nj describe the
effect of perturbation of the collisional frequencies due to density perturbations. The index
1 denotes the quantities of the first order of magnitude. The neutrals participate in the
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electromagnetic dynamics due to collisional coupling with the charged species, mostly with
ions (in the absence of dust grains). However, we keep, for generality, collisions of neutrals
with electrons in Equation (7).
The continuity Equation (3) in the linear regime is the following:
∂nj,n1
∂t
+ nj,n0
∂vj,n1z
∂z
= 0. (8)
We further apply the Fourier transform to Equations (6)-(8), supposing the perturba-
tions of the form exp(ikzz − iωt). Using Equation (8) and solving Equation (7), we find
the expressions for components of the Fourier amplitude vn1k, where (and below) the index
k = {kz, ω},
− iωn⊥vn1rk =
∑
j
νnjvj1rk, (9)
−iωn⊥vn1θk =
∑
j
νnjvj1θk −
∑
j
ν∗nj
kz (vn0 − vj0)
ω
vj1zk,
−iωnzvn1zk =
∑
j
νnjvj1zk.
Here and below, the index 0 by ν0nj and ν
0
jn is, for simplicity, omitted. In Equations (9), the
notations are introduced,
ωn⊥ = ω + iνn + i
3
4
χnz,
ωnz = ω − k
2
zc
2
sn
ω
+ iνn + iχnz,
where νn =
∑
j νnj , χn,jz =
4
3
µn,jk
2
z .
Now we substitute the expressions for vn1k and nj,n1k = nj,n0kzvj,n1zk/ω in Equation
(6). Then we obtain the following expressions for components of vj1k:
− iωj⊥vj1rk = qj
mj
E1rk + ωjvj1θk + i
νjn
ωn⊥
∑
l
νnlvl1rk, (10)
−iωj⊥vj1θk = qj
mj
E1θk − ωjvj1rk + i νjn
ωn⊥
∑
l
νnlvl1θk − i
∑
l
βjlzvl1zk,
−iωjzvj1zk = qj
mj
(
E1zk + nz
vj0
c
E1θk
)
+ i
νjn
ωnz
∑
l
νnlvl1zk.
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Here the notations are introduced:
ωj⊥ = ω + iνjn + iχj⊥2,
ωjz = ω −
k2zc
2
sj
ω
+ iνjn + iχjz,
ωj = ωcj − χj⊥1,
βjlz = νjnν
∗
nl
kz
ω
(
vn0 − vl0
ωn⊥
+
vj0 − vn0
ωnz
)
,
where χj⊥1 = µjk
2
z/ωcjτjn, χj⊥2 = 1.2µjk
2
z/ω
2
cjτ
2
jn. In the last Equation (10), we have
substituted B1rk for E1θk, using Faraday’s equation (4), B1rk = −nzE1θk (B1θk = nzE1rk,
B1zk = 0), where nz = kzc/ω.
From Equation (10) for vj1zk, we can find the longitudinal (along B0) velocities of
electrons and ions,
Dzvj1zk = inzbjzE1θk + iajzE1zk. (11)
Here,
Dz = ωezωizωnz + ωizνenνne + ωezνinνni,
aez = αiz
qe
me
− νenνni qi
mi
,
bez = αiz
qe
me
ve0
c
− νenνni qi
mi
vi0
c
,
aiz = αez
qi
mi
− νinνne qe
me
,
biz = αez
qi
mi
vi0
c
− νinνne qe
me
ve0
c
,
αjz = ωjzωnz + νjnνnj .
Let us find now the transverse (across B0) velocities of charged species. When solving
Equations (10), we will consider the case in which the charged species are magnetized, i.e.,
we will suppose that the following conditions are satisfied:
ωcj ≫ ωj⊥, νjnνn/ωn⊥, χj⊥1. (12)
Conditions (12) signify that the Lorentz force is dominant. Then, using Equation (11), we
find solutions,
vj1rk = −i qj
mjω
2
cj
bjE1rk +
1
ωcj
(
qj
mj
aj +
nz
Dz
λjz
)
E1θk +
δjz
ωcjDz
E1zk, (13)
vj1θk = − qj
mjωcj
ajE1rk − i qj
mjω2cj
bjE1θk.
– 8 –
Here,
aj = 1 +
χj⊥1
ωcj
, bj = ωj⊥ +
νjnνn
ωn⊥
,
δjz =
qe
me
γjez +
qi
mi
γjiz,
λjz =
qe
me
γjez
ve0
c
+
qi
mi
γjiz
vi0
c
,
γjez = βjezαiz − βjizνinνne,
γjiz = βjizαez − βjezνenνni.
In the next section, we calculate the perturbed electric current and obtain the dispersion
relation.
5. Dispersion relation
From Equations (4) and (5) we obtain,
n2zE1⊥k =
4pii
ω
j1⊥k, (14)
j1zk = 0.
Using solutions (11) and (13), we can calculate the electric current j1k =
∑
j qjnj0vj1k +∑
j qjnj1kvj0. Substituting this current in Equations (14), we will find the following set of
equations for determining the components of the perturbed electric fieldE1k = (E1θk, E1rk, E1zk):
AˆkE1k = 0, (15)
where the matrix Aˆk is equal to
Aˆk =
∣∣∣∣∣∣
n2z − ε1 + ε5, i (ε2 + εχ⊥) , ε6
−i (ε2 + εχ⊥ + ελz) , n2z − ε1, −iεδz
ε4, 0 −ε3
∣∣∣∣∣∣ .
The components of the matrix Aˆk are the following:
ε1 =
∑
j
ω2pj
ωω2cj
bj , ε2 = −
ω2pd
ωωcd
, ε3 = − 1
ωDz
∑
j
ω2pj
mj
qj
ajz, ε4 =
nz
ωDz
∑
j
ω2pj
mj
qj
bjz,
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ε5 =
n2z
ωDz
∑
j
ω2pj
mj
qj
vj0
c
bjz, ε6 =
nz
ωDz
∑
j
ω2pj
mj
qj
vj0
c
ajz,
εχ⊥ =
∑
j
ω2pj
ωω2cj
χj⊥1, εδz =
1
ωDz
∑
j
ω2pj
ωcj
mj
qj
δjz, ελz =
nz
ωDz
∑
j
ω2pj
ωcj
mj
qj
λjz,
where ωpj =
(
4pinj0q
2
j/mj
)1/2
is the plasma frequency and the index d denotes dust grains
(if they present and are static in perturbations).
The dispersion relation is obtained by equating the determinant of the matrix Aˆk to
zero. As a result, we obtain,[(
n2z − ε1
)
ε3 + ε3ε5 + ε4ε6
] (
n2z − ε1
)− (ε2 + εχ⊥) [(ε2 + εχ⊥) ε3 + ε3ελz + ε4εδz] = 0. (16)
In this equation, it is easy to see that the value ε2+εχ⊥ can be, in general, small in comparison
to the value n2z−ε1. Therefore, we consider below the case in which the following conditions
are satisfied: (
n2z − ε1
) ≫ (ε2 + εχ⊥) , (17)
(ε3ε5 + ε4ε6)
(
n2z − ε1
) ≫ (ε2 + εχ⊥) (ε3ελz + ε4εδz) .
Then Equation (16) will take the form,(
n2z − ε1
)
ε3 + ε3ε5 + ε4ε6 = 0. (18)
We do not consider the damping Alfve´n perturbations n2z − ε1 = 0. When Equation (18) is
satisfied, the component of the electric field E1θ,zk 6= 0 and E1rk ≪ E1θk. The second and
third equations of a set (15) determine the components E1rk and E1zk,(
n2z − ε1
)
ε3E1rk = i [(ε2 + εχ⊥) ε3 + ε3ελz + ε4εδz]E1θk, (19)
ε3E1zk = ε4E1θk.
Below, we will investigate solutions of Equation (18).
6. 6. Dispersion relation (18) and its solutions in the specific case
We further will not take into account the presence of dust grains. Then the quasineu-
trality condition has the form qene0 + qini0 = 0. Using this condition, we will calculate the
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quantities ε1, ε3, ε4, ε5, and ε6. We will be interested in the case in which ω ≪ νn + χnz.
When χnz ≤ νn there is strong collisional coupling of neutrals with charged species in the
transverse direction to the z axis. This coupling along the magnetic field depends on the
relation between k2zc
2
sn and ωνn [see Equations (9)]. If χnz ≫ νn, then the neutrals have
a weak coupling with charged species. We suppose also that ω ≪ νjn, νnn (this inequality
is wittingly satisfied in weakly ionized plasma if χnz ≤ νn and ω ≪ νn). In this case, the
contribution of the viscosity χj,nz in the expressions for ωj,nz is much smaller in comparison
to the thermal term k2zc
2
sj,n/ω and can be ignored. We further will investigate the case in
which k2zc
2
sj,n ≫ ω2 when the thermal pressure dominates the inertia. Below, we will obtain
the dispersion relations for two regions of small and large wave number kz.
6.1. Dispersion relation (18) for small kz
At first, suppose that the following condition is satisfied:
ωdj ≫ k2zc2sjc2sn, (20)
where
dj = c
2
sjνn + c
2
snνjn.
Under conditions at hand we will find,
ε1 =
∑
j
ω2pj
ω2cj
νjn
νn
=
c2
c2A
,
ε3 = i
ω2pek
2
z
ω2Dz
(
di − qime
qemi
de
)
,
ε4 = −i
ω2penzk
2
z
ω2Dz
d1,
ε5 = −i
ω2pen
2
z
ωDz
k2z
ω
d2 +
ω2pen
2
z
ωDz
uν2
(vi0 − ve0)
c
,
ε6 = ε4 +
ω2penz
ωDz
uν1
(vi0 − ve0)
c
, (21)
where
d1 =
ve0
c
di − qime
qemi
vi0
c
de, d2 =
v2e0
c2
di − qime
qemi
v2i0
c2
de,
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uν1 = νinνne +
qime
qemi
νenνni,
uν2 = νinνne
ve0
c
+
qime
qemi
νenνni
vi0
c
.
In the expression for ε1, we have supposed that νn ≫ χnz that is compatible with condition
(20).
The value Dz has the form,
Dz = g
k2z
ω
, (22)
where
g = c2seνinνne + c
2
siνenνni + c
2
snνinνen.
Substitute now the expressions (21) and (22) in Equation (18). Then we obtain the
following dispersion relation under conditions given above:
(
n2z − ε1
)( qe
me
di − qi
mi
de
)
g +
ω2pe
ω3
qi
mi
[
ik2zdedi + ω (νenνnidi + νinνnede)
]
(vi0 − ve0)2 = 0.
(23)
6.1.1. Solution of dispersion relation (23) for sufficiently large kz Let us find a
solution of Equation (23) in the case
k2zdedi ≫ ω (νenνnidi + νinνnede) . (24)
Then Equation (23) takes the form
ω3 − ωk2zc2A + ih2k2zc2A
(ve0 − vi0)2
c2
= 0, (25)
where
h2 = ω2pe
qi
mi
dedi
g
(
|qe|
me
di +
qi
mi
de
) .
The sign | | denotes an absolute value. We see that due to the last term on the left-hand
side of Equation (25) there is an unstable solution.
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The solution of Equation (25) in the region ω2 ≪ k2zc2A is equal to
γ = h2
(ve0 − vi0)2
c2
, (26)
where γ =Im ω is the growth rate. Thus, for kz such that kz > k
∗
z = h
2 (ve0 − vi0)2 /cAc2, the
growth rate is maximal and independent from the wave number. In the region ω2 ≫ k2zc2A,
we obtain,
γ =
[
hkzcA
(ve0 − vi0)
c
]2/3
. (27)
This growth rate increases with increasing of kz in the region kz < k
∗
z .
6.1.2. Solution of dispersion relation (23) for sufficiently small kz In the case
k2zdedi ≪ ω (νenνnidi + νinνnede) , (28)
Equation (23) has a solution,
ω =
[
k2z − s2
(ve0 − vi0)2
c2
]1/2
cA, (29)
where
s2 = ω2pe
qi
mi
(νenνnidi + νinνnede)(
|qe|
me
di +
qi
mi
de
)
g
.
We see that perturbations with the wave number kz < s|ve0 − vi0|/c will be unstable.
6.2. Solutions of dispersion relation (18) for large kz
Now we consider the dispersion relation (18) in the case of large kz when
k2zc
2
sjc
2
sn ≫ ωdj. (30)
Then we obtain the following expressions:
ε3 = −
ω2pe
ω3Dz
k4zc
2
sn
(
c2si −
qime
qemi
c2se
)
,
– 13 –
ε4 =
ω2penz
ω3Dz
k4zc
2
sn
(
ve0
c
c2si −
qime
qemi
vi0
c
c2se
)
,
ε5 =
ω2pen
2
z
ω3Dz
k4zc
2
sn
(
v2e0
c2
c2si −
qime
qemi
v2i0
c2
c2se
)
+
ω2pen
2
z
ωDz
uν2
vi0 − ve0
c
,
ε6 = ε4 +
ω2penz
ωDz
uν1
vi0 − ve0
c
,
Dz = −k
6
z
ω3
c2sec
2
sic
2
sn. (31)
The expression for ε1 in the case νn ≫ χnz has the form (21). In the opposite case, νn ≪ χnz,
we obtain,
ε1 = i
∑
j
ω2pj
ωω2cj
(νjn + χj⊥2) . (32)
Substituting expressions (31) and ε1 from (21) in Equation (18), we obtain in the case
νn ≫ χnz a dispersion relation which has a solution,
ω =
[
k2z −
ω2pi
c2s
(ve0 − vi0)2
c2
]1/2
cA, (33)
where cs = [3 (|qe|Ti + qiTe) /|qe|mi]1/2 is the ion sound velocity. Using expressions (31) and
(32), we find in the case χnz ≫ νn the following solution of the dispersion relation (18):
ω = i
[∑
j
ω2pj
ω2cj
(νjn + χj⊥2)
]−1 [
ω2pi
c2s
(ve0 − vi0)2 − k2zc2
]
. (34)
The perturbations (33) and (34) with wave numbers kz such that kz < kth, where kth =
ωpi |ve0 − vi0| /csc,
are unstable due to different equilibrium velocities of electrons and ions.
7. On calculation of E1rk
To find the radial component of the electric field E1rk defined by Equation (19), it is
necessary to calculate the value ε3ελz + ε4εδz. The terms εδz and ελz have been arisen due
to perturbation of collisional frequencies proportional to the number density perturbations.
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Using the expressions for these terms containing in Equation (15) and the expressions for ε3
and ε4 from Equations (20), we obtain,
ε3ελz + ε4εδz = i
ω2pek
2
znz
ω3D2z
qi
mi
(
vi0 − ve0
c
)∑
j
ω2pj
ωcj
mj
qj
× [(αizde − νenνnidi)βjez + (αezdi − νinνnede) βjiz] ,
where βjlz, l = e, i, is defined in Section 4. We see that the value ε3ελz + ε4εδz ∼ (ve0 −
vi0)(ve0 − vn0) + (ve0 − vi0)(vi0 − vn0). Thus, polarization of perturbations also depends on
the difference of equilibrium velocities of species.
8. On the resistivity in the standard MHD
In the papers by Nekrasov (2007, 2008 a,b, and 2009 a,b) and in the present paper, we
study streaming instabilities of multicomponent rotating magnetized objects, using the equa-
tions of motion and continuity for each species. From Faraday’s and Ampere’s laws we obtain
equations for the electric field components (see Equation (15)). Such an approach allows us
to follow the movement of each species separately and obtain rigorous conditions of consid-
eration and physical consequences in specific cases (see, e.g., Section (9)). This approach
permits us to include various species of ions and dust grains having different charges and
masses. In some cases, the standard methods used in the magnetohydrodynamics (MHD)
leads to conclusions that are different from those obtained by the method using the elec-
tric field of perturbations. Indeed, let us consider the magnetic induction equation. For
simplicity, we take a two-component electron-ion plasma embedded in the background mag-
netic field directed along the z axis. The magnetic induction equation with the resistivity is
obtained from the momentum equation for the electrons at neglecting the electron inertia,
0 = − e
me
E− e
mec
ve ×B− νei (ve − vi) , (35)
where νei (νie) is the electron-ion (ion-electron) collisional frequency, and −e is the electron
charge. Replacing vi−ve by the current j/en (ne = ni = n), applying ∇× to Equation (35),
and using Equations (4) and (5), we obtain the well-known magnetic induction equation,
∂B
∂t
= ∇× ve ×B+ηm∇2B, (36)
where ηm = νeic
2/ω2pe is the coefficient of the magnetic diffusion or the resistivity. The
momentum equation for ions has the form,
dvi
dt
=
e
mi
E+
e
mic
vi ×B− νie (vi − ve) , (37)
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where d/dt = ∂/∂t+vi ·∇vi. It is seen from Equations (35) and (37) that if the electrons and
ions are magnetized, then ve⊥ ≈ vi⊥ (the sign ⊥ denotes the transverse direction relatively
to the magnetic field). Usually, the electron velocity in Equation (36) is substituted by the
ion (or neutral) velocity. As a result, one solves the standard two MHD equations,
ρ
dv
dt
=
1
4pi
∇×B×B, (38)
∂B
∂t
= ∇× v ×B+ηm∇2B,
where ρ = min, v = vi.
From Equations (38) in the linear approximation, one obtains the dispersion relations,
ω2 + iωηmk
2 − k2c2A = 0, (39)
for magnetosonic waves, and
ω2 + iωηmk
2 − k2zc2A = 0, (40)
for Alfve´n waves. Here, k2 = k2⊥ + k
2
z , cA = (B
2
0
/4piρ)
1/2
is the Alfve´n velocity.
Two consequences are followed from Equations (39) and (40):
1). Magnetosonic and Alfve´n waves are damped due to the resistivity.
2). The resistivity is isotropic since it is proportional to the total wave number.
We derive now the dispersion relation, calculating the perturbed velocities of electrons
and ions through the electric field. For magnetized electrons and ions, we find from Equations
(35) and (37),
j1rk =
enc
B0
ω
ωci
(
−iE1rk + ω
ωci
E1θk
)
, (41)
j1θk =
enc
B0
ω
ωci
(
−iE1θk − ω
ωci
E1rk
)
,
ve1z = − e
meνei
E1z, vi1z = 0.
We see that the collisional frequency νei is absent in the transverse current and determines
only the electron velocity along the background magnetic field. Using Equations (4) and
(5) and neglecting the small terms proportional to ω/ωci in the round brackets of Equations
(41), we obtain the following dispersion relation:(
ω2 − k2c2A
) (
ω2 + iωηmk
2
⊥ − k2zc2A
)
= 0. (42)
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We can conclude from Equation (42):
1). Magnetosonic waves are not damped because they have no field Ez.
2). Alfve´n waves are damped due to resistivity. The resistivity is proportional to k2⊥
and is anisotropic. When k⊥ = 0 Alfve´n waves also are not damped.
These results differ, in principle, from the one that follows from Equations (39) and
(40). From our viewpoint, Equation (42) takes into account the physical mechanism of the
collisional damping correctly.
9. Discussion
The neutrals participate in the electromagnetic perturbations only due to collisions with
the charged particles, electrons, ions, and dust grains. One can say that the neutrals are as
passive agent, ballast making difficult perturbations of charged species. At the same time,
the latter are only active agents generating electromagnetic perturbations. Therefore, an
adequate description of multicomponent plasmas including the neutrals is to express the
neutral dynamics through the dynamics of charged species and substitute induced velocities
of neutrals into collisional terms of the momentum equations for charged species. Then using
Faraday’s and Ampere’s laws, we can derive the dispersion relation in the linear approxima-
tion and/or investigate nonlinear structures.
From expressions for induced velocities of neutrals, one can easily to find rigorous condi-
tions when the neutral dynamics is important or not, i.e., when there is strong (or sufficiently
strong) or weak collisional coupling of neutrals with charged species. In the last case, the
neutrals are immobile in the electromagnetic perturbations.
Let us write out conditions, which have been used for obtaining the dispersion re-
lation (18), and consider parameters of astrophysical objects, for which these conditions
can be satisfied. We will apply our results to protostellar and protoplanetary disks. We
have assumed that the electrons as well as ions are magnetized, ωcj ≫ νjn. The condition
ωce (> 0) ≫ νen is, in general, satisfied in astrophysical objects (Wardle & Ng 1999). The
rate coefficient for momentum transfer by elastic scattering of electrons with neutrals is
< σν >en= 4.5 × 10−9(Te/30 K)1/2 cm3 s−1 (Draine et al. 1983). As for ions, we should
consider parameters to satisfy conditions ωci ≫ νin and c2Ai ≫ c2si ≫ c2A or c2si ≫ c2Ai (the
last two conditions see below). Thus, the magnitude of the magnetic field must be in some
limits. We take the standard values mi = 30mp and mn = 2.33mp (mp is the proton mass).
The rate coefficient for momentum transfer < σν >inis equal to < σν >in= 1.9 × 10−9 cm3
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s−1 (Draine et al. 1983). Then, for example, from conditions ωci ≫ νin and c2si ≫ c2A we
obtain (3nnTi)
1/2 ≫ B0 ≫ 0.43× 10−12nn (Ti is in the energetic units, B0 is in G, and nn is
in cm−3), where we have used qi = −qe. Note that it is followed from the last inequalities
that the number density of neutrals is limited for a given ion temperature. If we take Ti
(K) = 700 K, then we obtain nn ≪ 1.57× 1012 cm−3. In this case, the neutral mass density
ρn = mnnn ≪ 6.1× 10−12 g cm−3. This condition is applicable for early stage of protoplan-
etary disks or in the surface layers, where the density is lower and temperature is higher.
In the dense inner parts of a disk, where ρn ∼ 10−10 − 10−9 g cm−3 (Hayashi et al. 1985;
Wardle & Ng 1999), the ions can be unmagnetized and their viscosity will be of the same
form as that for neutrals. Our model is not applicable to such dense regions.
For rotating protostellar cores of molecular clouds (protostellar disks), we will adopt the
following parameters: nn = 10
4 − 105 cm−3, ni/nn = 10−5 − 10−7 (e.g., Caselli et al. 1998;
Ruffle et al. 1998; Pudritz 2002), and B0 = 10 µG (e.g., Goodman et al. 1993; Crutcher et
al. 1999; Caselli et al. 2002). For this magnetic field we obtain ωce = 1.76 × 102 s−1 and
ωci = 3.19× 10−3 s−1.
Now, we give some relationships which are useful at analysis of conditions of consid-
eration. For protoplanetary disks, we take Te = 700 K. Then we obtain νen/νin = 158.73,
νne/νen = 2.34 × 10−4ne/nn, νni/νin = 12.88ni/nn, νni/νne = 3.47 × 102ni/ne, νen/νn =
12.32nn/ni, miνin/meνen = 3.47 × 102, νnn/νin = 6.94 (< σν >nn∼< σν >in). For pro-
tostellar disks, we take Te = 70 K. Then νen/νin = 50.19, νni/νne = 1.1 × 103ni/ne,
νen/νn = 3.9nn/ni, and miνin/meνen = 1.1 × 103. We see that due to more low electron
temperature, the role of electron-neutral collisions in comparison to the ion-neutral colli-
sions becomes less in protostellar disks than that in protoplanetary disks. It can be shown
that inequalities (17) are wittingly satisfied under conditions used in Section 6.
For small kz (Section 6.1), we will suppose that the ionization degree is ni/nn ≪
2.88(0.91)× 10−3 for protoplanetary (protostellar) disks (for the large kz (Section 6.2) this
condition is not necessary (see below)). In astrophysical objects, such as interstellar medium,
molecular clouds, and protostellar and protoplanetary disks the ratio ni/nn satisfies in gen-
eral this condition. In this case, the value de = c
2
snνen (see inequality (20)). The value di has
the similar form, di = c
2
snνin, at ni/nn ≪ 1. We adopt that Te ∼ Ti ∼ Tn = T . Then, for the
thermal effects to be important for all species, k2zc
2
sj,n ≫ ω2, the condition k2zc2si ≫ ω2 will be
sufficient. The condition (20) for ions and electrons will be satisfied, if ωνen ≫ k2zc2se. The
condition (24) takes the form k2zc
2
sn ≫ ωνni. In this case, there is weak collisional coupling
of neutrals with ions along the magnetic field (see expressions (9)). It is followed from the
last two inequalities that the condition meνen ≫ mnνni must be satisfied for solutions (26)
and (27) to be realized. It was supposed above when we have obtained de = c
2
snνen. Under
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conditions at hand, the value g = c2snνinνen and h
2 = ω2pi/νin (see Equation (25)). Then
solution (26) takes the form,
γ =
ω2pi
νin
(ve0 − vi0)2
c2
. (43)
Collecting all conditions given above, we find that solution (43) is satisfied for wave numbers
in the region
γνen
c2se
≫ k2z ≫ max
{
γ2
c2A
,
γνni
c2sn
,
}
.
Note that we consider the case in which c2si ≫ c2A. Using condition γ/νni ≪ 1, we obtain
from (43) that inequality 16.29 |ve0 − vi0| ≪ √nn (vj0 is in cm s−1) must be satisfied. We
see that for protostellar disks this condition is not realized. For protoplanetary disks we
take nn = 5 × 1011 cm−3. Then we obtain |ve0 − vi0| ≪ 4.34× 104 cm s−1. We further take
|ve0 − vi0| = 3 × 102 m s−1, ni/nn = 10−9, and B0 = 0.25 G. In this case, ωpi = 5.37 × 103
s−1, ωci = 79.75 s
−1, νin = 68.47 s
−1, νni = 8.82×10−7 s−1, νen = 1.09×104 s−1. The Alfve´n
velocity cA = 5.05×102 m s−1, csn = 2.73 km s−1, csi = 7.6×102 m s−1, and cse = 1.78×102
km s−1. The growth rate γ is equal to γ = 4.2 × 10−7 s−1. The wave number kz is in the
limits, 3.8× 10−7 m−1 ≫ kz ≫ 0.83× 10−9 m−1. The wavelength of unstable perturbations
λz = 2pi/kz has a range
7.57× 106 km≫ λz ≫ 1.65× 104km
Solution (27) has the form
γ = νni
[
ωci
νin
kz (ve0 − vi0)
νni
]2/3
. (44)
This solution is satisfied for wave numbers in the region
min
{
1,
(νenνni)
3/4
(k∗zcse)
3/2
,
(
νni
k∗zcA
)3}
≫ kz
k∗z
≫ max
{(
νni
k∗zcsi
)3
,
(
νni
k∗zcsn
)3/2}
,
where k∗z = νinνni/ωci |ve0 − vi0|. From these inequalities we see, in particular, that the
condition |ve0 − vi0| /csi < νin/ωci must be satisfied. We can also conclude that c2si ≫ c2A
in this case. The neutrals are strongly (weakly) coupled with the ions across (along) the
magnetic field in perturbations (43) and (44). The viscosity of neutrals along (across) the
magnetic field is negligible in comparison to the thermal pressure (νni). The viscosity of
electrons and ions is negligible because k2zρ
2
j ≪ 1, where ρj = vTj/ωcj is the Larmor radius.
Let us consider solution (44) for specific parameters in protostellar and protoplanetary
disks. For protostellar disks we take nn = 10
5 cm−3 and ni/nn = 10
−7. Then we obtain νin =
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1.37× 10−5 s−1 and νin/ωci = 4.29× 10−3. In this case, the condition |ve0 − vi0| ≪ csiνin/ωci
takes the form |ve0 − vi0| ≪ 1.03×102 cm s−1, where csi = 2.4×102 m s−1. In real situation,
the value |ve0 − vi0| is most probably larger and does not satisfied the last condition. Thus,
solution (44) does not realized in protostellar disks under conditions at hand.
Let us determine parameters of protoplanetary disks for which solution (44) is satisfied.
This solution exists if |ve0 − vi0| /csi < νin/ωci. In the case when collisions of neutrals with
ions do not influence on the equilibrium velocity of neutrals vn0, the difference |ve0 − vi0| can
be estimated as |ve0 − vi0| ≈ vn0ν2in/ω2ci (Nekrasov 2009 b). Thus, the last inequality takes
the form, vn0/csi < ωci/νin, where csi = 7.59 × 102 m s−1 at Ti = 700 K. We consider the
region of rotating (pre)protoplanetary disk where vn0 ∼ 10 km s−1. In this case, we obtain
condition νin/ωci < 7.59 × 10−2. We take νin/ωci = 3 × 10−2 and B0 = 0.5 × 10−2 G. It is
followed from this that ωci = 1.6 s
−1, νin = 4.8 × 10−2 s−1, and nn = 3.5 × 108 cm−3. The
ionization degree we take to be ni/nn = 10
−8. Then νni = 6.17×10−9 s−1. Other parameters
are equal: ωpi = 4.49×102 s−1, |ve0 − vi0| = 9 m s−1, cA = 3.82×102 m s−1. Then we obtain
k∗z = 2.05× 10−11 m−1. The wave number kz satisfies conditions(
νni
k∗zcA
)3
≫ kz
k∗z
≫
(
νni
k∗zcsi
)3
.
Under parameters at hand, we have 0.48 ≫ kz/k∗z ≫ 0.06. Thus, the wavelength of pertur-
bations is in the band
5.13× 109 km≫ λz ≫ 6.38textrm108 km.
For kz/k
∗
z = 0.4 the growth rate (43) is equal to γ = 0.54νni = 3.33× 10−9 s−1.
Perturbations with more small kz, k
2
zc
2
sn ≪ ωνni (see inequality (28)), have the growth
rate (29). When additionally kz ≪ s|ve0−vi0|/c, where s = (ωpi/csn) (νni/νin)1/2, this growth
rate is
γ = νni
ωci
νin
|ve0 − vi0|
csn
. (45)
The wave number kz is in the region
min
{
(γνni)
1/2
csn
, s
|ve0 − vi0|
c
}
≫ kz ≫ γ
csi
.
It is followed from here that conditions νni ≫ 12.88γ and c2si ≫ c2A must be satisfied. In
these perturbations, the neutrals are strongly coupled with ions both along and across the
magnetic field. The viscosity of species is also negligible in the case (45). For parameters
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given above condition νni ≫ 12.88γ results in a large magnetization, νin/ωci . 10−2, for
which the value |ve0 − vi0| is too small. Thus, solution (45) is not available for protostellar
and protoplanetary disks.
Let us now consider the large kz when k
2
zc
2
si ≫ ωνin (see inequality (30)). Under this
condition the inequality k2zc
2
sec
2
sn ≫ ωde is satisfied at ni . nn. In this case, the neutrals
are weakly coupled with ions in the direction along the magnetic field (see Equations (9)).
Solutions considered below exist in media where c2si ≫ c2Ai or 12piniTi ≫ B20 . This condition
is not satisfied for typical parameters in protostellar disks given above. However, near the
central star, an innermost part of the protoplanetary disk can be highly ionized due to high
temperature and have a high density. Note that a highly ionized dense plasma disks exist
around neutron stars, stellar black holes, active galactic nuclei, and white dwarfs (see, e.g.,
Jin 1996 and references therein). The last condition together with ωci ≫ νin results in
(12piniTi)
1/2 ≫ B0 ≫ 0.43× 10−12nn. We see from here that at T ∼ 104 K and ni ∼ nn the
number density must be nn ≪ 2.62× 1014 cm−3. If we take nn ∼ 1013 cm−3, we obtain the
range of the magnetic field, 22.81 G≫ B0 ≫ 4.3 G. Let, at first, χnz ≪ νni or k2zc2sn ≪ νniνnn
when the neutral viscosity does not play a role. Then the neutrals are strongly coupled
with ions across the magnetic field. Under conditions at hand we see that νni ≫ 1.86ω
should be satisfied. In this case, the solution for ω has the form (33). For kz such that
kz ≪ kth = ωpi |ve0 − vi0| /csc, the growth rate is equal to
γ = ωpi
cA
cs
|ve0 − vi0|
c
. (46)
The wave number kz is in the region
min
{
kth,
(νniνnn)
1/2
csn
}
≫ kz ≫ (kthcAνin)
1/2
csi
.
Using parameters given above and taking B0 = 7 G, we find: ωpi = 7.59 × 108 s−1,
ωci = 2.23 × 103 s−1, νin = 1.37 × 103 s−1, νni = 1.76 × 104 s−1, cA = 3.16 km s−1,
cAi = 0.88 km s
−1, cs = 4.06 km s
−1, csi = 2.87 km s
−1, and csn = 10.3 km s
−1. From
condition νni ≫ 1.86ω we can find the limit on the value |ve0 − vi0| ≪ 4.81 km s−1. In
the case |ve0 − vi0| = 1 km s−1, we obtain kth = 0.62 m−1.The growth rate (46) is equal
to γ = 1.96 × 103 s−1. The wavelength of unstable perturbations has a range 1.1 × 104
m≫ λz ≫ 10.06 m. The viscosity of electrons and ions is negligible since k2zρ2j ≪ 1.
The strong coupling of neutrals with ions in the transverse direction is maintained at
χnz ≤ νni. When χnz ≫ νni or k2zc2sn ≫ νniνnn the neutral-ion coupling is weak. In this case,
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the solution (34) at kz ≪ kth can be written in the form
γ =
ω2ci
νin (1 + 1.2k2zρ
2
i )
(ve0 − vi0)2
c2s
. (47)
The condition χnz ≫ γ is satisfied. The wave number is in the region
kth ≫ kz ≫ max
{
(γνin)
1/2
csi
,
(νniνnn)
1/2
csn
}
.
From these inequalities we see that c2si ≫ c2Ai (we assume k2zρ2i ≤ 1). The growth rate (46)
can be larger than νni. At the same time, condition of consideration is γ ≪ νin (see Section
(6)). Thus, the condition |ve0 − vi0| /cs ≪ νin/ωci must be satisfied. Note that solution (47)
is the only case when the viscosity of neutrals and ions is important. However, the neutrals
are weakly coupled with ions in this case and are immobile in perturbations.
10. Conclusion
In the present paper, we have studied electromagnetic streaming instabilities in thermal
viscous regions of rotating astrophysical objects, such as, protostellar and protoplanetary
magnetized accretion disks, molecular clouds, their cores, and elephant trunks. However,
the obtained results can be applied to any regions of interstellar medium, where different
background velocities between electrons and ions can arise.
We have considered a weakly and highly ionized three-component plasma consisting
of electrons, ions, and neutrals. The cyclotron frequencies of charged species have been
supposed to be much larger than their collisional frequencies with neutrals. The vertical
perturbations along the background magnetic field have been investigated. We have included
the effect of perturbation of collisional frequencies due to density perturbations of species.
We have shown that due to collisions of charged species with neutrals and neutrals with
charged species the latter experience the back reaction on their perturbations. So far as
the neutrals participate in the electromagnetic perturbations only because of collisions with
the charged species, an adequate description of multicomponent plasmas including neutrals
is to express the neutral dynamics through the dynamics of charged species and substitute
induced velocities of neutrals into collisional terms of the momentum equations for charged
species. Then using Faraday’s and Ampere’s laws, we can derive the dispersion relation
and/or investigate nonlinear structures.
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The viscosity of magnetized species is important when k2zρ
2
j & 1, where ρj = vTj/ωcj is
the Larmor radius. The viscosity of neutrals is negligible in comparison to the thermal pres-
sure for the low frequency perturbations, ω ≪ νnn. For the one-dimensional perturbations
along the magnetic field the thermal pressure is present in the longitudinal perturbed veloc-
ities of species. In the transverse velocity of neutrals, the viscosity of neutrals is important
when χnz ≫ νni or k2zc2sn ≫ νniνnn. However, the neutrals are weakly coupled with ions in
this case and are immobile in perturbations.
The growth rates of perturbations in the wide region of the wave number have been
found. We have derived that the long wavelength part of spectrum can be excited in medium,
where cAi ≫ csi ≫ cA, and the short wavelength perturbations are excited at csi ≫ cAi, where
csi, cA, and cAi are the ion thermal velocity, Alfve´n velocity including the mass density of
neutrals, and ion Alfve´n velocity including the ion mass density, respectively. We have
shown that the viscosity plays the role only for the short wavelength edge of spectrum when
the neutrals have a weak collisional coupling with ions. In the cases of strong neutral-
ion coupling, the viscosity is negligible. The resistivity is absent in the one-dimensional
perturbations along the magnetic field.
On the simple example, we have demonstrated that there is discrepancies between the
standard MHD results and multicomponent approach at consideration of the resistivity.
From the latter approach it is followed that the resistivity has an anisotropic nature. If the
resistivity can play an important role in damping of perturbations, this effect can results in
anisotropic turbulence.
Electromagnetic streaming instabilities considered in the present paper can be a source
of turbulence in thermal regions of astrophysical objects.
The insightful and constructive comments and suggestions of the anonymous referee are
gratefully acknowledged.
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